Abstract. Recent advances in γ-ray cosmic ray, infrared and radio astronomy have allowed us to develop a significantly better understanding of the galactic medium properties in the last few years. In this work using the DRAGON code, that numerically solves the CR propagation equation and calculating γ-ray emissivities in a 2-dimensional grid enclosing the Galaxy, we study in a self consistent manner models for the galactic diffuse γ-ray emission. Our models are cross-checked to both the available CR and γ-ray data. We address the extend to which dark matter annihilations in the Galaxy can contribute to the diffuse γ-ray flux towards different directions on the sky. Moreover we discuss the impact that astrophysical uncertainties of non DM nature, have on the derived γ-ray limits. Such uncertainties are related to the diffusion properties on the Galaxy, the interstellar gas and the interstellar radiation field energy densities. Light ∼10 GeV dark matter annihilating dominantly to hadrons is more strongly constrained by γ-ray observations towards the inner parts of the Galaxy and influenced the most by assumptions of the gas distribution; while TeV scale DM annihilating dominantly to leptons has its tightest constraints from observations towards the galactic center avoiding the galactic disk plane, with the main astrophysical uncertainty being the radiation field energy density. In addition, we present a method of deriving constraints on the dark matter distribution profile from the diffuse γ-ray spectra. These results critically depend on the assumed mass of the dark matter particles and the type of its end annihilation products.
Introduction
The nature of dark matter (DM) consisting of 85% of the total matter in the Universe [1, 2] remains to date a prominent subject of research. The general class of weakly interacting massive particles (WIMPs), can be probed either by their direct detection [3] [4] [5] [6] [7] [8] [9] [10] [11] , at colliders (e.g. [12] [13] [14] [15] [16] [17] [18] ), or through indirect detection probes via the identification of WIMP annihilation yields (for some reviews on indirect detection probes see [19] [20] [21] [22] and for a review on WIMP DM candidates see, e.g. [23] ). The latter has been gaining more and more relevance the last years due to the wealth of data from experiments as PAMELA, AMS -02, Fermi -LAT and Planck to name the most recent. There is a vast literature on possible targets and messengers for indirect WIMP detection, sometimes addressing possible indication of a signal, but in most cases presenting upper limits. An issue, which is however not always transparent in this class of analyses, is how the various astrophysical uncertainties affect background estimates and their impact on derived limits.
The present analysis, is an update on one of the prominent targets for indirect detection, i.e. the search for WIMP annihilations in the halo of our own Galaxy. It aims at presenting updated limits from currently available gamma-and cosmic-ray data, as well as discussing the relevance of the uncertainties involved. For such a goal, we implement a framework in which cosmic-ray propagation and γ-ray emissivities are treated numerically with the use of the DRAGON code [24, 25] ; treating self-consistently both the standard astrophysical components and the terms associated to WIMP annihilations. The models that we are considering when including only the standard astrophysical sources, are in general agreement with both local cosmic ray data and with measurements of the γ-ray flux made available by the Fermi -LAT γ-ray telescope.
In [26] [27] [28] [29] , broad studies have been performed to quantify the astrophysical uncertainties on the estimate of the diffuse galactic γ-ray background. While in [30, 31] the impact of background astrophysical uncertainties in deriving limits on DM annihilation from γ-rays towards the galactic center (GC) have been discussed. Among these uncertainties one of the most important, is the distribution of gas in the Milky Way, for which the large scale properties can be constrained by a combined analysis of cosmic-ray and γ-ray spectra [28] .
In this work, we use the most recent models for the distribution of the interstellar atomic and molecular hydrogen gas [32, 33] (discussed in sections 2.2 and 2.3). Using these distributions, we estimate the interaction rate of cosmic rays during their propagation within the Galaxy and evaluate diffuse γ-ray spectra. We then explore the possible contribution of WIMP annihilations to diffuse γ-ray fluxes from different sky regions. We also discuss the impact that astrophysical uncertainties have over γ-ray induced limits on models of DM, over different patches that cover the entire sky. To that goal and excluding the very inner part of the Galaxy, we select the regions of interest to place constraints on the general properties of annihilating DM. (section 3.1). Along with the analysis devoted to γ-ray constraints, we discuss also the limits from antiprotons and leptons (see sections 3.2 and 3.3 respectively). In deriving limits on DM annihilation, an orthogonal uncertainty to that of the background contribution is that of DM distribution in the Galaxy. In section 4, we discuss the constraints which can be derived on the galactic DM profile assuming generic annihilation channels. Discussion and comparison of other indirect DM search probes are presented in section 5, with our summary and conclusions given in Section 6.
Diffuse γ-ray Background
At energies above 100 MeV most of the observed photons are connected to diffuse emission. The bulk of these photons is from the decay of neutral pions, which themselves are produced by inelastic collisions of cosmic ray protons and helium nuclei with the interstellar gas, from bremsstrahlung emission of cosmic ray electrons and positrons in the interstellar gas and from inverse Compton scattering of cosmic ray e ± off the interstellar radiation field. In [28] , by using the numerical DRAGON code, we have studied the impact of different assumptions about the properties of the interstellar medium and cosmic ray propagation on the evaluated diffuse γ-ray spectrum. In the following, we present our assumptions for modeling the diffuse γ-ray background.
Diffusion Properties
The combined analysis of the spectra of cosmic rays and diffuse γ-rays suggests a slight preference for thicker diffusion zones while there is a weak dependence on the variation of the diffusion coefficient in the radial direction [28] . Therefore, we ignore the radial dependence of the diffusion coefficient and assume that the diffusion coefficient exponentially increases outward the galactic plane only in the vertical direction,
where R is the particle's rigidity R = p/q (p the momentum and q the charge). Following the reference propagation model in [28] , the diffusion spectral index δ and the diffusion scale height z d are chosen to be equal to 0.5 and 4 kpc respectively. Convection is neglected, since models with strong convective winds in the entire Galaxy are not favored by the combined fit to the cosmic ray and the Fermi γ-ray data [28] . The normalization of the diffusion coefficient D 0 , the parameter η and the Alfvén velocity v A are fitted to the local spectrum of the ratio of the secondary to the primary cosmic ray nuclei, boron to carbon (B/C). The spectral properties of cosmic ray primary sources are fitted against the local flux of protons measured by PAMELA [34] and CREAM [35] ; the flux of e − + e + observed by Fermi [36] , MAGIC [37] and H.E.S.S [38, 39] ; the flux of electrons measured by PAMELA [40] as well as the spectrum of positron fraction measured by PAMELA [41, 42] and AMS -02 [43] 1 . Pulsars are included to fit the leptons spectra at high energies (for more details see [28] ). The predicted spectrum of antiprotons by this propagation model is in good agreement with the PAMELA data [44] .
Interstellar Gas
The distribution of gas in the interstellar medium has a strong influence on the evaluated γ-ray spectra. Fine structures of gas distribution along lines of sight can be observed from their π 0 and bremsstrahlung emission contributing to the diffuse γ-rays. In fact to interpret small scale features in high angular resolution maps of the Fermi γ-ray telescope, a detailed model for the distribution of gas is demanded.
One of the main constituents of the interstellar gas is atomic hydrogen H I which is traced by the 21cm line emission. We use the most recent model for the three dimensional distribution of H I in the Milky Way which is constructed in [32] . This model has been derived by using the combined LAB survey data [45] which is currently the most sensitive 21cm line survey with the most extensive spatial and kinematic coverage. The spin temperature T s , which determines the opacity of the 21cm line, is assumed to be constant all over the sky. To convert the observed brightness temperature distribution to the volume density distribution a purely circular rotation curve is assumed. This assumption is expected to be reasonable except for the galactic center region where the Bulge exists. The distance ambiguity inside the solar circle is solved by estimating the vertical distribution of gas around the galactic plane as a Gaussian function.
Molecular hydrogen H 2 is another important ingredient of the interstellar gas which is traced by 2.6mm line emission of CO. We use the most recent model for the distribution of molecular hydrogen gas in the Galaxy which is given in [33] . This model is obtained by the kinematic deconvolution of the composite CO survey of [46] using a new gas flow model [47] . The CO to H 2 conversion factor X CO , which relates the H 2 column density N H 2 to the velocity integrated intensity of the CO line, depends on the metallicity and the ultraviolet background radiation [48, 49] . It has been shown that X CO increases with Galactocentric radius, although its radial gradient is largely uncertain [50] [51] [52] [53] [54] [55] [56] [57] . Testing different physically motivated assumptions on the radial variation of X CO , we choose the conversion factor of [52] as our reference. The impact of using different models for the distribution of X CO on the diffuse γ-ray spectra is discussed in detail in Appendix A.
Dark Gas
The 21cm and 2.6mm emission lines suffer from absorption by interstellar gasses and may not trace all the neutral hydrogen gas within the Galaxy. On the other hand, γ-rays which are produced by interactions of cosmic rays with the interstellar gas do not suffer any attenuation up to energies of several TeV within the Galaxy. Thus, there is a potential mis-match between the Fermi γ-ray data and the predictions of diffuse galactic γ-rays associated with hydrogen gas distribution. This has already been shown for the EGRET γ-ray sky map in [58] and has been quoted as the "dark gas" (see also [26] for the evaluation of the dark gas related to the Fermi γ-ray data). Since dust is mixed with both phases of the neutral hydrogen gas, its thermal emission can provide an alternative tracer for the interstellar gas distribution. Therefore, we fit a linear combination of the H I column density map of [32] and the CO column density map of [33] to the 100 µm SFD dust map of [59] by means of maximum likelihood. To that end, the method which is described in [60] is followed. We apply a 2 • FWHM smoothing in all maps. There are large uncertainties in the evaluation of dark gas in regions close to the galactic disk [26, 58] . Thus, we mask out the region of |b| < 1 • in the maximum likelihood fits and in the evaluation of the dark gas contribution to γ-ray spectra.
Consistency with Data
In this analysis, we use the 4-year Fermi -LAT data which are taken from August 2008 to August 2012. The Pass 7 (v9r27p1) "ULTRACLEAN" event class ensures minimal cosmic ray contamination 2 . γ-ray events with energies of 200 MeV up to 200 GeV are binned in 27 logarithmically spaced energy bins. The exposures and fluxes of front and back-converted events are separately calculated. Then their contributions are summed to obtain the total flux. To account for contributions from known point and extended sources, the 2-year catalogue of the Fermi -LAT is used (see [61] and references therein). The contribution of the isotropic extragalactic background is taken from the model in [62] . The contributions of the Fermi bubbles/Fermi haze and Loop I are also included using the model in [63] .
We break the sky into 60 windows which are defined by the limits 0 Fig. 1 , the level of agreement between the predicted γ-ray spectra and the Fermi -LAT data in the energy range of 1 GeV to 200 GeV for those windows are shown for various sets of assumptions. The goodness of fit is determined by the value of reduced χ 2 which is calculated by
where n is the number of degrees of freedom, Φ data i and Φ(E i ) theory are, respectively, the measured and the predicted flux of γ-rays at energy E i ; s i and q i are the systematic errors related to, respectively, the exposure and energy resolution uncertainties; β and γ are the nuisance parameters 3 and finally σ 2 i is the variance related to the statistical errors of the Fermi data and the errors of the spectral data of point/extended sources. The nuisance parameters are fitted to the Fermi spectral data. Since the exposure can be different at different directions, the value of β varies among windows while the value of γ is constant all over the sky and is fitted once. Figure 1 . Level of agreement between the predicted γ-ray background and the Fermi-LAT data in the energy range of 1 GeV to 200 GeV. Top left : the γ-ray spectra are obtained by summing contributions from π 0 decay, inverse Compton scattering, bremsstrahlung emission, point/extended sources and extragalactic background. Top right : the contribution of the dark gas is added to the γ-ray spectra. Bottom left : contributions of the Fermi bubbles/haze, Loop I and the northern arc are also included in the spectra of γ-rays . Bottom right : the normalization of the total gas within |b| < 20
• is allowed to be free to account for under/over estimation of the gas distribution. The goodness of prediction in each window is determined by the value of the reduced χ 2 .
In the top left panel of Fig. 1 , γ-ray spectra are obtained by summing contributions from π 0 decay, inverse Compton scattering, bremsstrahlung emission, point/extended sources and isotropic extragalactic background. Including the contribution of dark gas to the π 0 decay and bremsstrahlung emission components results in a better fit at low latitudes (Fig. 1 , top right). It must be noted that the normalization of dark gas contribution is free. It is chosen in such a way to avoid overshooting γ-ray spectral data in any of the windows. In the bottom left panel of Fig. 1 we add the contributions of the Fermi bubbles/Fermi haze, Loop I and northern arc on top of contributions from the background and dark gas. The contribution of the Fermi bubbles impacts the spectra only in windows with |b| < 60 • and |l| < 30 • 4 . Recently, additional structures have been discovered in those regions of the sky [64] . Therefore, the normalization of the spectrum of this component is allowed to be free among the windows. Since there are uncertainties in the exact morphology of the bubbles at low latitudes, their contribution to windows with |b| < 5 • and |l| < 30 • is also allowed. The spectra of Loop I and the northern arc contribute to the northern hemisphere only 5 . The angular limits on these two objects are taken from [63] . The predicted and the observed spectra agree well in all sky regions except for some windows with −5 • < b < 20 • . The predicted γ-ray spectra in those windows are below the Fermi spectra. This under prediction could be because of an under-estimation of dark gas contribution. As discussed in section 2.3, we masked |b| < 1 • out in extracting the dark gas sky map. Changing the size of the mask can change the fits in low latitudes. Another reason could be related to the absorption of the 21cm line emission. The opacity of the 21cm line in [32] has been assumed to be constant all over the sky. However, it could vary in different regions of the sky because of different temperatures. Fitting the spin temperature T s to γ-ray spectra is beyond the scope of this paper. Nevertheless, to account for uncertainties in the gas distribution, the normalization of the total gas contribution is allowed to be free in the range of 1/2 to 2 within |b| < 20 • . This freedom can fix the under prediction of the model in those windows and it leads to a very good fit to the Fermi spectral data in all regions under study (Fig. 1,  bottom right) . Apart from uncertainties in estimating the gas distribution, there can be another reason for our under prediction which relates to the distribution of the interstellar radiation field (ISRF). It affects the diffuse γ-ray component which is produced by inverse Compton scattering of cosmic ray electrons and positrons off the interstellar radiation field. We use the model of [65] as our reference. The impact of different assumptions about the distribution of the ISRF on the diffuse γ-ray spectra is discussed in Appendix B.
Limits on WIMP Annihilation Cross Section
To constrain WIMP annihilation cross section, we study DM models in which WIMPs dominantly annihilate into individual generic channels. These annihilation channels are µ + µ − , τ + τ − , bb, W + W − and tt with mass ranges which probe different parts of the γ-ray spectrum. The distribution of DM in the Galaxy is assumed to follow the Einasto profile [66] , which is parameterized as,
where α = 0.22, r c = 15.7 kpc and ρ Ein is set such that the local DM density is equal to 0.4 GeVcm −3 [67, 68] .
Limits from Diffuse γ-rays
WIMPs annihilation can lead to production of γ-rays in a number of ways. One is the prompt emission which includes the final state radiation, the virtual internal bremsstrahlung and the decay of π 0 s which are, in turn, produced by hadronization or decay of WIMPs annihilation products. The inverse Compton scattering and bremsstrahlung of leptonic final products also yield γ-rays. Those contributions are significant for leptonic annihilation channels in which high energy electrons and positrons are produced. The diffuse γ-ray background which is modeled in section 2 serves as reference to extract limits on DM annihilation rate. To get conservative limits at high galactic latitudes, we replace the spectrum of extragalactic background [62] with the minimal non-DM extragalactic γ-ray background radiation (EGBR) which is modeled in Appendix C and ignore contribution from the Fermi bubbles/Fermi haze, Loop I and the northern arc. Therefore, our background includes contributions from π 0 decay, bremsstrahlung emission 6 , inverse Compton scattering, point and extended sources and the minimal non-DM isotropic background. The flux of our minimal non-DM EGBR is suppressed to the spectrum of extragalactic background modeled in [62] by a factor of ≃2. This leads to more conservative limits especially at higher latitudes where the contribution of EGBR is significant.
Adding γ-ray fluxes generated by DM annihilation to the background spectra, we calculate the WIMPs' annihilation cross sections which best fit the diffuse γ-ray spectra in our windows of study. The nuisance parameter associated with exposure uncertainties β is also taken as a free parameter. We then derive 3σ upper limits on annihilation cross section and the value of β parameter for each annihilation channel and mass corresponding to ∆χ 2 ( σv , β) = χ 2 ( σv , β) − χ 2 min = 10.27. In left panels of Fig. 2 the relative strengths of 3σ upper limits on σv at each region of the sky are shown for DM models with m χ = 10 GeV annihilating into bb (top), with m χ = 100 GeV annihilating into W + W − (middle) and with m χ = 1.6 TeV (bottom) annihilating into light intermediate bosons χχ −→ φφ, which subsequently decay to the kinematically allowed light SM particles giving hard injection spectrum leptons [69, 70] . We take the case where each φ −→ e + e − , µ + µ − and π + π − at a relative branching ratio of 1:1:2 which is in preferred by the leptonic data after the measurement of the positron fraction with AMS-02 [71] . These type of models can also explain the relative large annihilation rates needed to fit the leptonic data, via Sommerfeld enhancement [72] . The limits are normalized to the tightest 3σ upper limit among the 60 windows to show the relative strength between these windows. The produced spectra by annihilation channels of bb and W + W − are dominated by the prompt component, thus they probe well the distribution of DM in the Galaxy. The spectra for the model annihilating to leptons and charged pions, receive a significant contribution from the inverse Compton component, thus they are influenced also by assumptions on radiation field and the propagation of cosmic rays in the Galaxy. To account for the main type of uncertainties on DM limits, originating from uncertainties on the background assumptions, we also derive 3σ upper limits when the normalization of the total gas contribution is free. The suppression or enhancement of the total gas contribution is allowed to be within a factor of 2 with respect to the case of the fixed gas contribution. Those normalized limits are shown in right panels of Fig. 2 for the same channels and masses as left panels. The 10, 100 and 1600 GeV masses are probed by different energy ranges of the γ-ray spectra. The allowed freedom leads to weaker constraints for 10 and 100 GeV DM while tighter for the 1.6 TeV DM particles in more regions of the sky.
In addition in Fig. 3 we show the impact on the 3σ upper limits on DM annihilation cross sections, from uncertainties on the astrophysical assumptions. We keep the DM profile fixed (whose impact on the DM limits has been studied already in [73, 74] ) and instead concentrate on the impact of the ISM gas distribution and the interstellar radiation field energy density. The specific choices on these properties impact both the γ-ray background contribution and also the non-prompt DM γ-ray contributions. These contributions are the bremsstrahlung emission and ICS emission by CR e ± produced in DM annihilations. In our test, we compare the 3σ upper limit derived under our reference assumptions for ISM gas and radiation field which we define as model A; to the 3σ upper limits derived under four variations on our assumptions. Variation 1: we let the ISM gas normalization be free within a factor of 2 (as in Fig. 2 right panels), variation 2: we use the XCO radial profile of [54] , variation 3: we vary the radiation field metallicity gradient and variation 4: we vary the radiation field spacial distribution (see appendices A and B for further details). We refer to these alternative models as B i with i : 1 − 4. Then for each of the 60 angular windows we calculate the four + e − , µ + µ − and π + π − at a ratio of 1:1:2. The tightest 3σ limit is from the window of −10
• and is equal to σv 3σ min = 8.9 × 10 −25 cm 3 s −1 . Bottom right: the same as left panel with "free" total gas. The tightest 3σ limit is σv
ratios of σv 3σ
/σv 3σ A and present in Fig. 3 the value of the ratio that deviated the most from 1. This is a probe for the robustness of the 3σ upper limits given that all these models have already been checked with CR and γ-ray measurements. The more robust limits come from windows that have the presented ratio being closer to 1 (darker regions). The color code which is either red or green, indicates which type of astrophysical assumptions impact the most, the limits on DM. Red regions refer to the cases where the main uncertainty on the DM limits, comes from uncertainties on, either the ISM gas normalization, or the XCO radial profile while green regions refer to the cases where the main uncertainty on the DM limit, comes from uncertainties on either the the radiation field metallicity gradient, or its' spacial distribution. For heavier DM models and especially for the lepto-philic 1.6 TeV case the exact assumptions on the ISRF matter in most windows while for the lighter 10 GeV case to bb the gas assumptions matter more. Also the heavier 100 GeV to Ws or 1.6 TeV XDM cases tend to provide robust limits in more windows on the sky compared to the 10 GeV to bb. We also note that depending on the DM model under study, different windows provide the more/less robust limits.
For all three cases of DM models depicted in Figs. 2 and 3 , the tightest limits come from regions closer to the GC. From Fig. 3 we show that all the DM limits in the windows with | l |< 30 • and | b |< 10 • (inner galaxy) have an uncertainty by typically a factor of ∼ 2 due to the uncertainties in the ISM properties withe the uncertainties on the 1.6 TeV DM case being the smaller ones.
In Figs. 1-3 we used as reference, a diffusion co-efficient that scales as D(z) ∝ exp{| z | /z d }, with z d = 4 kpc (see eq. 2.1). Very thin diffusion zones (z d < 1 kpc), suppress the diffuse ICS component and enhance the impact that the ISM gas distribution uncertainties have on the derived DM limits. In addition, the quality of the fits to the diffuse γ-ray data is worse for propagation models of z d < 1 kpc whose propagation properties (diffusion co-efficient energy scaling and normalization, re-acceleration, convection) have been fitted to the available CR data [28] . On the contrary, thick diffusion zones (z d ≥ 8 kpc) do not affect much the quality of neither the CR or the γ-ray fits, or the derived DM limits from the cases shown for the z d = 4 kpc. Strong convective winds perpendicular to the galactic disk suppress all the diffuse background γ-ray emission closer to the galactic disk and are not strongly supported from the γ-ray data at lower latitudes [28] ; we have thus ignored the possible impact of large scale galactic convective winds in the DM limits.
We find that by excluding the |b| < 1 • region we can reduce the large uncertainties on both the galactic disk ISRF and the ISM gas column densities, thus deriving the tightest limits from 1 • < |b| < 9 • and |l| < 8 • in most cases. At |b| > 10 • and |l| < 30 • the contribution from the bubbles is dominant, thus any limit will be contaminated by their presence. Since we do not include bubbles in our background, the limits in the relevant windows (|b| < 60 • , |l| < 30 • ) are conservative. At intermediate latitudes, the most constraining region is the one with 9 • < |b| < 25 • and |l| < 8 • . At high latitudes, we choose a large region with |b| > 60 • and 0 • < l < 360 • for extracting limits to allow for minimum statistical errors.
For the remaining part of our discussion we will only show limits from the region of 1 • < |b| < 9 • , |l| < 8 • , the region of 9 • < |b| < 25 • , |l| < 8 • and the region of |b| > 60 • . In Fig. 4 , those limits are shown versus the mass of DM for five simplified annihilation channels: χχ −→ µ + µ − , χχ −→ τ + τ − , χχ −→ bb, χχ −→ W + W − and χχ −→ tt. In spite of the conservative choices, the obtained limits are stringent and compatible with bounds derived by other analysis [30, 75, 76] . For the cases of the µ + µ − , τ + τ − and bb annihilation channels, the thermal relic range of the annihilation cross section is excluded by the low latitude limits for m χ ≤ 30, 100 and 30 GeV respectively. For annihilation to muons the thermal relic cross-section is excluded by the AMS -02 positron fraction data for masses less than 100 GeV Figure 3 . The impact of astrophysical uncertainties in deriving 3σ upper limits on the DM annihilation cross section for three different channels and masses and a given DM Einasto profile. We compare the 3σ upper limit derived under our reference assumptions for ISM gas and radiation field (model A) to the 3σ upper limits derived under varied assumptions on either the ISM gas normalization, the XCO radial profile, the radiation field metallicity gradient and the radiation field spacial distribution (model B i with i:1-4) (see text for more details). For each angular window, we calculate the four ratios of σv 3σ
Bi /σv 3σ A and present the value of the ratio that deviated the most from 1. This allows us to check the robustness of the 3σ upper limits, where more robust limits come from windows that have the presented ratio being closer to 1. This test also allows us to check, which type of astrophysical assumptions -not related directly to DM-impact the most, the limits on DM. Darker regions give more robust limits. Red regions refer to the cases where the main uncertainty on the DM limits, comes from uncertainties on, either the ISM gas normalization, or the XCO radial profile (the ratio value is written in normal fonds). Green regions refer to the cases where the main uncertainty on the DM limit, comes from uncertainties on either the the radiation field metallicity gradient, or its spacial distribution (the ratio value is written in italics). Top left: DM particles with m χ = 10 GeV annihilating into bb. (see also [77] ). We also note that the limits from bb annihilation channel at intermediate latitudes (9 • < |b| < 25 • ) are slightly tighter than those at low latitudes (1 • < |b| < 9 • ) for m χ < 30 GeV, with the limits from antiprotons being the most competitive. Finally for the annihilation channels to W + W − and to the tt quarks, the γ-ray limits from the lower latitude region are stronger than the limits derived from CR leptons at all masses up to 3 TeV and stronger than the limits from CR anti-protons for masses heavier than ∼ 500 GeV. In deriving the 3σ limits, we allow the DM to contribute in the best fit to the data, with respect to which the 3σ limits are defined. In Fig. 5 we show both limits with only the prompt DM diffuse γ-ray component and limits with all the DM originated diffuse γ-ray • , 1
, antiprotons (r ed) and leptons (blue). Our limits from leptons stop at 15 GeV since in our analysis we ignore leptonic data at lower energies. The ISM gas normalization is kept to be free within a factor of 2 from the reference distribution case (see text for more details). We include all diffuse γ-ray components of DM origin (prompt, ICS, bremsstrahlung). Figure 5 . 3σ upper limits on WIMPs annihilation cross section versus m χ , including the impact of having the ISM gas normalization fixed to the reference distribution, or free within a factor of 2 for the chosen window of |l| < 8
• , 1
• . We also show limits from that same window for the case where we ignore the ICS and bremsstrahlung diffuse γ-ray components. The annihilation channels are µ + µ − (l eft) and bb (r ight). The lines represent limits for the case of free ISM gas normalization with all DM diffuse components as is the case presented in Fig. 4 (solid red), fixed ISM gas normalization with all DM diffuse components (d ashed green), free ISM gas normalization with just the prompt DM diffuse component (d otted dashed blue) and for the case of fixed ISM gas normalization with just the prompt DM diffuse component (d otted magenta).
components (prompt, ICS, bremsstrahlung). We also show the limits when keeping the ISM gas normalization fixed to the reference galactic distribution, or having it free within a factor of 2 as is the case in Fig. 4 . Allowing for a fee gas normalization can lead to either weaker or stronger limits on DM, since the best fit value of the DM contribution also changes.
For the case of direct annihilation to muons, we get that including the ICS (dominant) and bremsstrahlung (subdominant) components, can affect the derived limits by up to a factor of 10. Moreover for the muon channel, the DM diffuse ICS component is significant in its amplitude and does not peak close to the energy scale of the m χ (as does the prompt: FSR,VIB). Thus, including it changes significantly the spectral DM γ-ray signature and as a consequence the derived limits in a non-trivial manner (see the red solid line vs the blue dashed-dotted line, or the green dashed vs the magenta dotted line in Fig. 5, left panel) . For the annihilation to b-quarks, the ICS and bremsstrahlung components are strongly subdominant, compared to the prompt and thus including them affects weakly the derived limits. The only significant uncertainty (other than the DM distribution) in deriving limits is that of the background, that at the lightest mass range, can lead to an uncertainty in the limits of up to a factor of 5.
Limits from Antiprotons
Despite the number of experiments devoted to study the antiproton signal, thep spectrum has not revealed deviations from standard astrophysical backgrounds that require any exotic contribution. However, the balloon campaigns by the BESS detector [78] [79] [80] and the more recent measurements by the PAMELA satellite [81] have provided fairly good-precision antiproton data at energies up to about 180 GeV which allowed to derive good constraints on a variety of DM scenarios [82] [83] [84] [85] [86] . Indeed, if hadron production in WIMP pair annihilation is not forbidden either by kinematics or by some symmetry enforcing WIMPs to be coupled with leptons only, the ratio between the DM signal and the background from standard astrophysical sources is usually much larger in the antiproton channel with respect to all other indirect detection methods. A second aspect that makes antiprotons appealing in constraining DM contribution regards the fact that the theoretical prediction for the background component is fairly under control: the production of secondary antiprotons from the interaction of primary cosmic rays with the interstellar medium and, subsequently, their propagation in the Galaxy have to be modeled in close analogy to secondary versus primary cosmic ray nuclei, such as B/C. Once a given phenomenological model is tuned to reproduce the latter, the spread in predictions for the antiproton flux is modest [86] .
In the present analysis, we compare the WIMP annihilation cross section constraints obtained by studying the diffuse emission with those which can be derived from the antiproton spectrum provided by the PAMELA experiment. For the bb annihilation channel, the antiproton limits are the most constraining ones as shown in Fig. 4 . In tt and W + W − annihilation channels, the extracted limits are competitive with those from low latitude diffuse γ-rays for DM masses below about 300 GeV. The lepto-philic annihilation channels can also lead to the production of antiprotons through the radiative emission of electroweak gauge bosons if the DM mass is heavy enough [87] . In these cases, the antiproton limits are weaker than limits derived from other detection methods and sharply rise when the DM mass is light.
Limits from Leptons
The spectra of cosmic ray e ± s at high energies show a hardening with respect to the prediction of standard astrophysical sources [36, [41] [42] [43] 88] . In fact the rise of the positron fraction first observed from PAMELA [42] and confirmed by AMS -02 [43] , provides the most compelling evidence for hard positron population not predicted by standard calculations on the secondary cosmic ray positron production in the ISM. One possible interpretation is that the observed excess is connected with WIMPs annihilation and/or decay; however, there are other explanations related to astrophysical sources, such as local pulsars. For a review of the status before AMS -02 data see [20] while for the most recent analysis on the physical implications of the AMS -02 positron fraction see [71, [89] [90] [91] [92] . Indeed, a combination of sources could be responsible for the observed features in leptons spectra. In [28] , we fitted those spectra by including only the contribution from the distribution of pulsars following [93] . Here, we consider the combined contribution of WIMPs annihilation to leptons and of pulsars in such a manner as to allow for maximal DM contribution in both deriving a best fit and a 3σ upper limit values to the annihilation cross-sections. We use the spectrum of positron fraction measured by PAMELA [41, 42] and AMS -02 [43] , the spectrum of electrons measured by PAMELA [40] as well as the spectrum of e − + e + measured by Fermi -LAT [36] , MAGIC [37] and H.E.S.S [38, 39] . To avoid uncertainties regarding the solar modulation and the calculation of the secondary production rate, we ignore data points below 10 GeV. The averaged spectral properties of pulsars (see [28] for details) and WIMPs annihilation cross section are fitted to those data sets. Then 3σ upper limits on σv are derived by lowering the pulsar contribution to allow the maximum possible contribution from DM. Those limits are shown in Fig. 4 . Since we only consider data points above 10 GeV, no limit can be extracted from DM particles lighter than about 10 GeV. The limits from leptons are less constraining than those from low latitude γ-rays for all studied annihilation channels except for the µ + µ − annihilation channel where for masses bellow 1 TeV, they provide as tight limits as the γ-ray limits from our innermost region of study.
Gamma-ray Limits and the Dark Matter Profile
We have so far focussed the discussion on a single model for the DM density profile, the Einasto profile introduced in Eq. (3.1). This model is motivated by results of numerical Nbody simulations of hierarchical clustering of CDM cosmologies, see e.g. [94, 95] , however is still controversial whether it should be applied in this form to the Milky Way. For instance, the central enhancement in the DM density seen in the simulations, could be washed out as a back-reaction of a baryon infall scenario with large exchange of angular momentum between the gas and the DM particles, see, e.g. [96] , turning the cuspy profile into a profile with a constant density core, such as the Burkert profile [97] :
Such a profile is also phenomenologically motivated, since it is in better agreement with the gentle rise in the rotation curve at small radii, which seems to be observed for many external galaxies; especially in the case of low-mass dark-matter-dominated low surface brightness and dwarf galaxies, see, e.g., [98] , but also suggested by observations towards spiral galaxies [99] . Since the γ-ray WIMP signal scales with the integral along the line of sight of the square of the density, the limits we derive depend critically on the assumptions made for the DM distribution. In Fig. 6 we consider two sample cases of WIMP annihilation channel and mass and extract the limit on the annihilation cross section, considering separately 9 latitude windows, starting from the GC with a window encompassing 0 • < |b| < 8 • and |l| < 8 • , and moving towards |b| = 90 • . We vary the longitude range to keep fixed the subtended solid angle. Results are shown for the reference Einasto profile and for a Burkert profile with the same local halo density normalization of ρ χ (R ⊙ ) = 0.4 GeV cm −3 and a core radius a = 10 kpc [67] . We also show the case in which annihilations are dominantly taking place in DM substructures, distributed according to the same Burkert profile and a "boost factor" (in this case the product between the effective density contrast times the fraction of DM in substructures), that is taken to be equal to 10. The latter case is labeled as "clumpy" in the plot. The analysis is performed in the setups in which we use our reference gas model (label "fixed gas" in the plot) or allow free rescaling of the gas density (label "free gas" in the plot), see the discussion above. One can clearly see that going from the Einasto to the Burkert and further more to the clumpy profile, the model assumptions of the flux at lower latitudes get more critical.
In Fig. 7 we turn the perspective around and for given WIMP model (namely specifying its mass, annihilation channel and annihilation rate) we discuss what limits can be extracted on the DM profile. To that extent, rather than specifying the profile via a functional form and a few parameters as done so far, we define it parametrically at a set of radii r i corresponding to the tangential points of the same latitude bins considered in the previous figure. We still keep fixed the value for local halo density and assume that the DM profile at larger radii follows the Einasto profile introduced above. In the inner Galaxy the DM profile is constructed as a log-log interpolation between the values ρ i at the chosen radius r i (when varying ρ i we only impose that profile is monotonically decreasing). The analysis is performed scanning the parameter space defined by the values ρ i , computing the line of sight integration in each Figure 6 . Limits on the annihilation cross section for two sample WIMP models from the Fermi diffuse γ-ray spectrum in a few latitude windows (longitude range appropriately chosen to keep the angular window fixed, see the text for details) and considering an Einasto profile, a Burkert profile and a case in which substructures dominate the annihilation yield ("clumpy"). Results are shown in our reference gas model ("fixed" gas) as well as allowing for its rescaling ("free" gas).
of the considered angular windows and comparing against the data to find whether the given configuration is allowed. For all surviving models, we consider the bin encompassing the GC and compute the line of sight integration factors J i obtained by imposing that the density profile is constant below r i . In the figure we plot the maximum of J i in our scan and compare it to the analogous quantity for the preferred parametric profile: this gives a feeling for how close to the GC one needs to trust the extrapolation of a parametric profile to claim a given upper limit. While the method leading to Fig. 7 gives results that are strongly model dependent (on the background, the DM mass, annihilation channel and cross-section), it provides a global picture of the compatibility of specific model assumptions to the Fermi γ-ray data. Given the fact that the Fermi -LAT has been collecting data for almost 5 years, such constraints on the integration factors J i (for a given particle physics DM model), can not be evaded if the background and its uncertainties are properly modeled.
Comparison to other Indirect DM searches
Cosmic ray e ± which are produced by DM annihilations, depending on the DM mass and intermediate products of annihilation, have different injection spectra. Those e ± loose energy not only via bremsstrahlung radiation and inverse Compton scattering, which yields γ-rays, but also via synchrotron radiation. The synchrotron emission can be observed at microwave wavelengths toward regions with strong galactic magnetic fields and large DM densities. Such a case can be the extended region toward the GC, where the WMAP haze [100] has been observed [101] [102] [103] , or regions with strong localized magnetic fields traced by filamentary structures in the inner Galaxy [104, 105] . The analysis of Planck data [106] , has shown . We also show the impact of assumptions made on the ISM gas distribution, left : reference, right : gas normalization free within a factor of 2.
that at latitudes |b| < 30 • the microwave haze morphology correlates well with the Fermi bubbles. The hard spectrum and the extended nature of the haze make any possible DM contribution concentrated at the lower latitudes and subdominant unless large annihilation rates are imposed [69, 107] . At frequencies below the WMAP and the Planck data bands, the limits on DM models with 1 < m χ < 100 GeV have been derived in the galactic halo [108, 109] . These limits are comparable to our limits from the regions with | b |≤ 25 • apart from the case of DM lighter than 20 GeV annihilating to b-quarks where our limits of Fig. 4 become more competitive.
The CMB temperature and polarization power spectra measured by WMAP can be used to constrain DM models and especially lepto-philic annihilation channels suggested to explain the excess in leptonic cosmic ray spectra [110] [111] [112] [113] [114] [115] . The Planck data are expected to probe TeV scale lepto-philic DM models [110, 111] . Yet the same class of DM models with masses less than 300 GeV, already phase their tightest limits from the absence of strong features in the AMS positron fraction data [77] . Our γ-ray limits from the inner region of the Galaxy, shown in Fig. 4 , are stronger than the current CMB limits while our lepton limits for the muon channel are at worse a factor of 2 weaker to those of [77] and for the tau channel similar or stronger by a factor of ∼ 2 to those of [77] .
Dwarf spheroidal galaxies (dSphs) being DM dominated objects provide a relatively clean set of targets for DM detection with γ-rays [116] [117] [118] [119] [120] and up to now have provided the tightest limits on DM annihilation rate [76, 121] in annihilation channels with a strong prompt γ-ray contribution. While these targets are expected to have suppressed background γ-ray fluxes, the foreground γ-rays along the line of sight impose large uncertainties (O(10)) in the residual γ-ray spectra. Therefore, the limits from dSphs strongly depend on the assumptions for these foregrounds [121] . Additionally, the assumptions on their DM profiles may have a strong impact (factor of ∼ 3-10) on the limits derived from them [116, 122, 123] . Since the air Cherenkov telescope arrays [124, 125] have a much better angular resolution, they will be able to separate the signal from annihilating DM with mass heavier than 500 GeV from backgrounds toward both dwarf spheroidal galaxies and galaxy clusters. Our γ-ray limits from the inner part of the Galaxy and from leptons are for the χχ −→ µ ± channel, at least an order of magnitude stronger than the most optimistic DM dwarf spheroidal limits presented in [76] ; a factor of few stronger for the χχ −→ τ ± case and for the χχ −→ bb channel the limits from antiprotons are stronger bellow 300 GeV by a factor of typically a few (for reference propagation assumptions). We note that our γ-ray limits on the χχ −→ bb channel from the inner galactic region are not stronger than those of [76] down to ≃30 GeV and get stronger only for the lower than 30 GeV masses. For DM annihilating to W ± gauge bosons our γ-ray limits are similar to those presented in [76] .
An alternative indirect DM probe comes from the closest galaxy clusters which have a typical extension radius of a few degrees in the sky. In such small windows very few photons above 100 GeV are observed. In addition, the γ-ray radiation from the isotropic and the diffuse galactic components and from uncorrelated point sources, which lay along the same line of sight, dominate any signal at γ-rays from these targets. Furthermore, galaxy clusters have intergalactic atomic and molecular gas which produce γ-rays of non DM origin, via π 0 decays and bremsstrahlung radiation. The emissivity of π 0 and bremsstrahlung backgrounds is proportional to the product of the cosmic ray proton or electron densities (produced in galaxies) with the atomic and molecular gas densities that exist both inside the galaxies and in the intergalactic medium. There is also another contribution to γ-rays from inverse Compton scattering which may be the most difficult to evaluate because of uncertainties in the radiation field in galaxy clusters. The exact assumptions on the radiation field and gas densities can considerably affect the calculations on the background contribution. Furthermore, the assumptions on distribution of DM substructures and the evolution of the DM profile in galaxy clusters can significantly change (factors of up to 10 3 ) the DM limits from these targets (for recent analysis see [126] [127] [128] ). The analysis of [128] and [129] have been suggested possible signals of DM annihilation from γ-ray observations toward nearby galaxy clusters, while [75, [130] [131] [132] [133] [134] have seen no evident γ-ray excess, yet their limits are systematically weaker than these from dwarf spheroidal galaxies and of our tighter limits shown in Fig. 4 .
Searches for γ-ray lines in the Fermi data, have recently provided both excesses and general limits [135] [136] [137] [138] [139] [140] [141] . Yet, the exact interpretation of these excesses/limits on DM is highly model dependent (see for instance [142] [143] [144] [145] [146] [147] ). Thus we do not make any comparison between our results and this probe of indirect DM searches.
The isotropic diffuse γ-ray emission at high latitudes, can be employed to set limits on signals from the extragalactic DM structures and from unresolved galactic DM substructures, which are within the Milky Way virial radius [148] [149] [150] [151] . A different approach to extract a DM signal is to search for the small angular scale fluctuations of the isotropic γ-ray background [152, 153] . Thanks to the high sensitivity of the Fermi -LAT measurements in a wide energy range, the diffuse γ-ray power spectrum has been analyzed in four energy bins [154, 155] . This has allowed constraining the anisotropies of the DM induced emission [156] . Those constraints strongly depend on the distribution of galactic and extragalactic DM (sub)halos, which is calculated by cosmological simulations [157] [158] [159] , and their uncertainties are dominated by the abundance of low-mass (sub)halos. The contribution of extragalactic DM structures to the isotropic γ-ray background can be affected by uncertainties in the evolution of the intergalactic radiation field [160] [161] [162] [163] . However, these uncertainties are less significant than those of low mass (sub)halo population. In our limits from the inner part of the Galaxy, we avoid the inner 1 • in latitude, where the DM profile matters significantly; while we have also shown in Fig. 3 the general impact of the other astrophysical uncertainties. Currently our limits are stronger by a factor of ∼ 10 and are significantly more robust than those from anisotropies in the diffuse γ-ray background [156, 164] . Yet, improvements in that search probe are expected to be important, as more data are being collected and better understanding of the relevant backgrounds is being reached [165, 166] .
Summary and Conclusions
In this work, we study the properties of annihilating dark matter using the Fermi -LAT γ-ray spectral data. Since the bulk of the γ-rays is expected to be of astrophysical origin in most directions on the galactic sky, it has been necessary to first evaluate a reference diffuse γ-ray background, including also a discussion on its uncertainties and their impact in deriving limits on DM via γ-ray observations. We model the diffuse galactic γ-ray components produced by the π 0 decay, inverse Compton scattering and bremsstrahlung emission. To that end, we determine the properties of cosmic ray galactic diffusion based on results of [28] and then fit the parameters governing the propagation of cosmic rays within the Galaxy against the local flux of cosmic rays. To calculate the π 0 and bremsstrahlung components, we employ the most recent models for the distribution of the atomic and molecular hydrogen gas while including as well the contribution of the dark gas (see section 2). In addition to the mentioned components, there are contributions from point and extended sources, the isotropic extragalactic background radiation and from specific extended diffuse features, i.e. the Fermi bubbles, the Loop I and the northern arc which are modeled in [63] . Having constructed the diffuse γ-ray background, we then examine its consistency with the Fermi data in the 1-200 GeV energy range and in 60 angular windows covering the entire sky. Our reference model has a generally good agreement with the Fermi diffuse γ-ray data in the sky regions under study, as shown in Fig. 1 . We apply alternative models for the galactic distribution of the molecular hydrogen gas, motivated by different assumptions on the radial dependence of X CO . We also test the distribution of the interstellar radiation field for different assumptions on the metallicity gradient on the galactic disk and the stellar population on the Disk and the Bulge. The level of agreement between the Fermi data and the prediction of the model changes are shown in Figs. 9 and 10.
Our reference diffuse background model, is used to search for the possible contribution of DM to the diffuse γ-ray flux. To get conservative constraints, we replace the spectrum of the extragalactic background [62] with that of the minimal non-DM extragalactic γ-ray background which is about 40% of the EGBR flux between 100 MeV and 100 GeV measured by [62] (see discussion in Appendix B). Since the exact normalization of the fluxes of the Fermi bubbles, Loop I and the northern arc is uncertain, we ignore their contribution in extracting conservative limits. The relative strength in placing limits on DM from γ-ray observations at different patches on the galactic sky is shown in Fig. 2 for three characteristically different models of DM ranging between 10 GeV and 1.6 TeV. In Fig. 3 we show for the same windows on the galactic sky, the impact that the uncertainties in the gas and the radiation field distribution have on the derived DM limits for the same three reference DM models. DM models with a dominant prompt component receive their tightest constraints from the inner few degrees, but suffer from uncertainties in the derived limits that are up to a factor of 4 due to uncertainties in the gas distribution (in the selected windows of Figs. 3) . TeV scale DM models annihilating dominantly to leptons receive their tightest limits from regions above the galactic center, with these constraints having an uncertainty by a factor of up to ∼2 due to uncertainties in the radiation field.
The limits on WIMPs annihilation rate for various annihilation channels, which are shown in Fig. 4 , are stringent and compatible with bounds derived by other analyses [30, 75, 76] . We find that for DM models with mass 100 GeV annihilating into τ + τ − and mass 30 GeV annihilating into µ + µ − , bb, the thermal relic value of the annihilation cross section is excluded by the Fermi spectral data in 1 • < |b| < 9 • and |l| < 8 • angular window. Considering the flux of antiprotons, we can exclude DM models with masses 150 GeV and large branching ratios to quarks and gauge bosons. Limits from the AMS -02 cosmic ray positron fraction are also constraining for channels producing hard spectrum leptons.
In most cases our most stringent γ-ray limits come from our window of 1 • < |b| < 9 • , |l| < 8 • , i.e. we do not need to resort to the inner 1 • around the GC where both backgrounds and the DM halo profile suffer from their greatest uncertainties. In addition we note that models that have already been excluded from XENON100, typically have large couplings to quarks and as a result would also give large CR antiproton fluxes. As a result, the measured spectrum of CR antiprotons while very strong in setting limits when compared to only other indirect DM probes, it is less effective when combined with direct detection results (within for instance the MSSM) than γ-rays are, which provide a less degenerate DM search probe.
In addition in Fig. 6 we study the impact that assumptions on the DM distribution have, over the DM annihilation cross-section limits vs latitude, for given choices of DM mass and annihilation products. While the assumptions on the cuspiness of the DM profile impact the limits by more than a factor of 2 only in the inner 30 degrees, the assumptions on the significance of DM clumps can have an impact on the derived limits by more than a factor of 2 in most galactic latitudes. Finally we turn the argument around and also present a method in deriving constraints on the DM distribution profile from the diffuse γ-ray spectra for fixed DM particle properties i.e. its mass and annihilation products (see Fig. 7 ). Figure 8 . Radial profile of the examined models for X CO in this analysis. The models are provided by Bosseli et al. [52] (blue line), Israel [53, 54] (red ), Sofue et al. [55, 56] (green) and Sodroski et al. [57] (dark blue).
assumptions on radial dependence of X CO . The profile of these models is shown in Fig. 8 . The models labelled by "Bosseli" [52] , "Israel" [53, 54] and "Sofue" [55, 56] have been derived by combining the analysis of the X CO dependence on the ultraviolet radiation field and the metallicity for a sample of nearby galaxies with the measurement of the galactic metallicity gradient. The model labelled by "Sodroski" [57] has been obtained by the study of the COBE diffuse infrared background experiment (DIRBE) and several virial analysis of giant molecular cloud complexes in the galactic disk.
For each assumption on the radial distribution of X CO , we fit the propagation parameters against the local spectra of cosmic rays and then evaluate the spectra of diffuse γ-rays. The level of agreement between the Fermi data and the predicted diffuse γ-ray spectra by each model is then compared with that by the reference model, labelled by "Bosseli". In Fig. 9 , the difference between the reduced χ 2 of the spectrum predicted by the profiles labelled by "Israel" (Fig. 9 , left panel) and "Sofue" (Fig. 9, right panel) and that by our reference profile (Fig. 1, top right) is shown in all windows under study. The "Israel" profile, which is slightly steeper than our reference profile, provides better results at |b| < 5 • . At higher latitudes the difference between the predictions of the "Israel" and the reference profiles is very small except for the region with −30 • < l < 0 • & 10 • < b < 20 • which has rather larger reduced χ 2 with respect to the reference model. The predicted spectra by the "Sofue" profile in the inner Galaxy, −50 • < l < 50 • & |b| < 5 • , are in poor agreement with the Fermi data. This profile results in smaller reduced χ 2 in the north where the Fermi bubbles/haze, Loop I and the northern arc are expected to contribute. In the rest of windows, the differences are negligible apart from the windows with 60
• which have, respectively smaller and larger reduced χ 2 than the reference model. The diffuse γ-ray spectra obtained by the "Sodroski" profile are in serious tension with the Fermi data at |b| < 10 • while they agree well with the data at higher latitudes. The differences between the reduced χ 2 's of the spectra provided by the reference and the "Sodroski" profiles, which are not shown here, are significantly large at low latitudes especially in the northern hemisphere windows.
Among the tested radial profiles, the predicted diffuse γ-ray spectra by the reference and the "Israel" profiles are in relatively good agreement with the Fermi data in all regions Figure 9 . Difference between the reduced χ 2 of the spectrum predicted by X CO profiles labelled by "Israel" (left ) and "Sofue" (right ) and that by our reference X CO profile "Bosseli" in sky regions under study.
under study. The "Israel" profile is slightly preferred, since it gives better results at low latitudes, while the "Sofue" and "Sodroski" profiles are disfavored.
B Impact of Interstellar Radiation Field on the Diffuse γ-ray Background
The stellar population in our Galaxy has four spatially distinct components; the thin and the thick galactic disks, the galactic bulge or bar and the stellar halo.
The thin disk has continuous star formation and high metallicity, while the thick disk with the age of ∼ 1 Gyr has very suppressed star formation and lower metallicity than the thin disk. The density of the thin and the thick components exponentially decreases outward the galactic disk as follows, 7
The scale heights z D of the thin and the thick disks are, respectively, ≃ 0.3 kpc and ≃ 1 kpc. The mid plane density of the thick disk is about 50 times smaller than that of the thin disk [168] . Thus, the disk which is the combination of the thin and the thick disks is dominated by the thin component. The disk stars have a variety of ages because of the continuous star formation. The disk comprises the major part of the galactic luminosity with L = 2.5 ± 1 × 10 10 L ⊙ and the remaining contribution, ≃ 5 ± 2 × 10 9 L ⊙ , is provided by the bulge component [168] . From surface brightness measurements of disk galaxies the intensity is expected to be described by,
where R D ≃ 2 − 3 kpc. Since the disk is the dominant component which provides the luminosity, we assume that the contribution of both the thin and the thick disks to the ISRF is spatially described by,
where R D = 3 kpc and z D is the same as the scale height of the distribution of stars. The relative normalization of the thin to the thick disks is taken to be 50 to 1 on the disk plane.
The bulge luminosity is ≃ 1/5 of the disk luminosity. The bulge stars, unlike the disk stars, originate from the early formation stages of the Galaxy and compose a more evolved distribution. This results in significantly higher stellar density in the bulge with respect to the disk. The morphology of the bulge is triaxial (bar-like) with axis ratios of 3:1:1 [169] [170] [171] . We use the 2-D model of [65] as reference. The profile of the bulge can be described by,
where R 0 = 0.9 kpc and z 0 = 0.5 kpc from fitting to the COBE DIRBE near infrared luminosity data [169] . Finally, the profile of the very old stellar halo which has low metallicity and contains ≃ 1% of the total stars is described by,
where r c = 2 kpc [172, 173] . A more accurate description includes many different sub-populations of stars [65, [174] [175] [176] [177] . As reference, we use the model of [65] which takes the various subcomponents into account. Apart from the reference model, we examine different assumptions on the major stellar components to investigate the effect of the ISRF uncertainties on the estimated γ-ray spectra. We keep the spatial distribution and morphology of the disk and bulge contributions fixed, since they are well measured, and test different values of luminosity which is more uncertain. The difference between the reduced χ 2 's obtained by different examined ISRF models and the reference model are shown in Fig. 10 for all windows under study. In models which are labelled as"maximum (minimum) bulge", we increase (decrease) the bulge luminosity from 1/6 to 1/3 (1/20) and keep the disk contribution fixed. In models labelled by "maximum (minimum) disk", the luminosity of the disk is increased (suppressed) by 50% while the bulge component is kept fixed. The ratio of the disk to the bulge luminosity is 8:1 for the"maximum disk" and 5:2 for the"minimum disk".
The radiation emitted by stars is scattered or absorbed by the interstellar dust grains and re-emitted at far infrared. Therefore, the distribution of dust which is correlated with the assumptions on the metallicity gradient significantly affects both the spatial profile and the spectrum of the ISRF [177] . Based on results of [177] , the maximum (minimum) metallicity gradient is 0.07 dex kpc −1 (0 dex kpc −1 ). These two extreme cases which are labelled by "maximum (minimum) gradient" are examined as well.
The impact of uncertainties of the bulge properties on the diffuse γ-ray spectra, is subdominant compared to those of the galactic disk. The "maximum disk" model provides better agreement to the γ-ray data than the "minimum disk" and the reference model. While both variations of the metallicity gradient lead to better agreement with the data than the reference model, the "minimum gradient" gives the best fit to the data.
C Minimal non-DM Contribution to Extragalactic Background Radiation
The extragalactic background radiation (EGBR), which is measured by the Fermi collaboration [62, 178] , is described by a single power-law dN γ /dE ∼ E −2.41 in the energy range of 100 MeV to 100 GeV. The total flux of γ-rays in this energy range is 1.09 ×10 −5 ph Figure 10 . Difference between the reduced χ 2 of the spectrum predicted by different ISRF assumptions and our reference ISRF. Top row : varying the amplitude of the Bulge stellar component; maximum bulge (left ), minimum bulge (right ). Middle row : varying the amplitude of the Disk stellar component; maximum disk (left ), minimum disk (right ). Botom row : varying the metallicity gradient; maximum gradient (left ), minimum gradient (right ). cm −2 s −1 sr −1 . DM annihilation in the main halo and in substructures can contribute to the diffuse γ-ray spectrum even at high latitudes. Thus, it is involved in the isotropic γ-ray spectrum. In addition, DM annihilation in early proto-halos at high redshifts can contribute to both EGBR and its power spectrum [155] .
In this paper, we aim at deriving conservative upper limits on the DM annihilation rate in the DM halo. Therefore, we will consider the minimal contribution from non-DM sources of γ-rays to the EGBR spectrum. Among the known sources that can contribute to the EGBR, we consider the contribution of BL Lacertae-like objects (BL Lacs), flat spectrum radio quasars (FSRQs), millisecond pulsars (MSPs), unresolved star-forming galaxies (SFG), Fanarof-Riley I and II radio galaxies (FRI, FRII) and the contribution from ultra high energy cosmic rays (UHECRs) which produce γ-rays through interactions with the cosmic mi-crowave background and the interstellar radiation field (UHECR CMB). We also include the possible contribution to the EGBR from undetected/unidentified gamma-ray bursts (GRBs), from starburst and luminous infrared galaxies (SBG), the contribution from cascades which are produced by interaction of ultra high energy cosmic ray protons with the inter-cluster medium (UHEpr ICM) and finally the contribution from electrons which are accelerated by gravitationally induced shock waves in the intergalactic medium and up-scatter low energy photons to γ-rays (IGS).
BL Lacs and FSRQs are two populations of Blazars, the active galactic nuclei (AGN) with a relativistic jet pointing straight at us. They are common among the detected point sources and their unresolved members are expected to contribute to the EGBR. Their contribution to the EGBR can be determined from identified point sources which belong to those categories. BL Lacs are objects with strong radio emission, rapid and strong variability in their optical luminosity and non-thermal optical spectrum. Following the assumptions of [178] , the differential spectrum of the unresolved BL Lacs is described by
where E γ is in GeV and the normalization is chosen in such a way that the spectrum of BL Lacs is 1σ below the estimate of [178] . The contribution of BL Lacs to the EGBR flux is 5.4 × 10 −7 ph cm −2 s −1 sr −1 in energy range of 10 MeV < E γ <10 GeV. FSRQs are energetic flat spectrum quasi-stellar radio sources. Their spectrum is slightly softer than that of the BL Lacs as it follows:
Taking 1σ low values, the contribution to the EGBR is 6.1 × 10 −7 ph cm −2 s −1 sr −1 which, in terms of photon number, is rather similar to that of BL Lacs. FSQRs are the dominant population below 0.5 GeV. Although the millisecond pulsars are galactic faint γ-ray sources, they are expected to rather significantly contribute to γ-rays at high latitudes. Their minimum contribution at latitudes |b| > 40 • has been estimated to be 8.0 × 10 −7 ph cm −2 s −1 sr −1 for 100 MeV < E γ < 10 GeV [179] . In addition their contribution to the EGBR can be constrained by their contribution to the diffuse γ-ray power spectrum at high latitudes [165] . Using the spectral properties of millisecond pulsars measured by [180] Unresolved star-forming galaxies constitute at least about 5% of the EGBR [181] . The evaluation of their contribution to the EGBR has great uncertainties; so SFGs may even account for 50% of the flux [182] . Assuming that their γ-ray spectrum is mainly of hadronic origin, i.e. from the decay of π 0 s which are produced by inelastic pp collisions in galaxies, their spectrum is a power-law above 1 GeV and peaks at ≃ 0.5 GeV. For the minimal contribution of SFGs we take which results in 5.5 × 10 −7 ph cm −2 s −1 sr −1 for 100 MeV < E γ < 100 GeV. Fanarof-Riley radio galaxies of type I (FRI) and type II (FRII) are misaligned AGN populations of, respectively, BL Lacs and FSQRs. FRI galaxies have decelerating subsonic jets and edge-darkened lobes, while FRII galaxies have relativistic supersonic jets and edge-brightened radio lobes. Their γ-ray spectral energy distributions can be explained by synchrotron-self-Compton emission models. However, low statistics of both classes in γ-rays makes the modeling of the spectral energy distribution very uncertain. Following the assumptions of [183] , the differential spectrum of Fanarof-Riley galaxies at E γ > 5 MeV is given by a power law with the index of 2.39. Including the attenuation of γ-rays, it is expressed by dN γ dE F R = 5. These sources give 1.0 × 10 −6 ph cm −2 s −1 sr −1 for 100 MeV < E γ < 100 GeV even by conservative estimates. Therefore, they constitute at least 10 % of the EGBR. Cascades produced by ultra high energy cosmic ray interactions with the CMB give a hard γ-ray spectrum. Their contribution to the EGBR has been estimated in [184] (see also [150] ) assuming that the UHECRs are proton dominated and have a power law spectrum with the index of ≃ 2 up to E p = 10 21 eV. The spectrum has been evaluated by Monte Carlo simulations on the development of the cascades p + γ −→ π 0 and p + γ −→ π ± up to redshifts of z = 2. Adopting the minimum estimate of [184] , it can be approximated as (C.6) Their contribution to the total number of extragalactic γ-ray photons is minimal equal to 3.3 × 10 −8 ph cm −2 s −1 sr −1 for 100 MeV < E γ < 100 GeV. It can only become important at the highest energies of the observed spectrum.
Long duration GRBs amount for about 1% of the EGBR based on the estimates from the EGRET extragalactic background [185] . Their differential spectrum is described as where the attenuation has to be added for γ-rays above ∼ 50 GeV. GRBs give the total number of 1.0 × 10 −7 ph cm −2 s −1 sr −1 for E γ > 100 MeV. In starburst galaxies the star formation rate and the interstellar medium density are higher than those in the Milky Way. The contribution of SBGs to the EGBR is mostly via inverse Compton scattering of electrons and positrons; thus it is more important at high energies. Following [186] , the differential spectrum of SBGs is expressed by which gives 5.4 × 10 −7 ph cm −2 s −1 sr −1 for E γ > 100 MeV and constitutes ≃ 5% of the EGBR. Ultra high energy cosmic ray protons produce π 0 and secondary e ± cascades through interaction with the inter-cluster medium. The subsequent decay of π 0 s and the inverse Compton scattering of e ± s lead to the production of γ-rays. Since the estimate of the inverse Figure 11 . Extragalactic γ-ray background measured by Fermi (EGB Fermi) (solid black ) and the minimal contribution of various known sources. The contributions are from solid blue: BL Lacs, solid red : FSRQs, solid orange: millisecond pulsars (MSP), solid green : star-forming galaxies (SFG), dashed blue: interactions of ultra high energy cosmic rays with the CMB and the galactic radiation field (UHECR), dashed red : Fanarov Riley I and II galaxies (FRI & FRII), dashed orange gamma ray bursts (GRB), dashed green starburst galaxies, dotted blue: gravitationally induced shock waves in the intergalactic medium (IGS) and from dotted red : interactions of ultra high energy cosmic ray protons in the inter-cluster medium (UHEpr ICM). The thick solid green is the total minimal contribution to the EGBR (Total).
Compton component depends on the exact assumptions on the inter-cluster radiation field, we ignore it in our conservative approach. The chosen normalization results in 1.0 × 10 −7 ph cm −2 s −1 sr −1 for energies above 100 MeV [187, 188] . Finally, gravitationally induced shock waves in the intergalactic medium can accelerate electrons and protons. The inverse Compton scattering of those electrons, which have a very hard spectrum ∼ E −2 , gives rise to γ-rays. However, the contribution of the accelerated protons to γ-rays is negligible because of their long timescale for energy loss. While these γ-rays are not extragalactic, they mimic the EGBR because of their contribution at high latitudes. Following [189] (see also [190] ) we take 
